ABSTRACT
INTRODUCTION
Although the kinase activity of both CqsR and VpsS is cell-density dependent, the signals 67 that control the activity of CqsR and VpsS are unclear (11). VpsS has no predicted transmembrane 68 domains and is thought to be cytoplasmic. Nitric oxide (NO) has been shown to regulate the kinase 69 activity of VpsS in vitro through a signaling partner VpsV (27). However, V. cholerae does not 70 make NO and ∆vpsV mutants has no detectable change in QS response (10, 11) , so the exact role 71 of NO sensing by VpsV in V. cholerae QS response remains unknown.
72
In contrast, CqsR is predicted to have a periplasmic CACHE domain that is known to be 73 involved in signal sensing in many chemotaxis receptors (28). Here, by isolating constitutively 74 active CqsR mutants, we identified several key residues within the CqsR CACHE domain required 75 for signal binding or signal transduction. Through a chemical library screen and structure-activity 76 relationship in vitro binding assay, we discovered that ethanolamine and its analogs, alaninol and 77 serinol, bind to the CqsR CACHE domain and modulate QS response of V. cholerae through CqsR.
78
We also determined that V. cholerae strains defective in ethanolamine biosynthesis delayed the 79 onset of, but did not abolish, the HCD QS response. Using an infant mouse colonization model, 80 we show that ethanolamine modulates V. cholerae QS response through CqsR inside animal hosts.
81
We therefore predict that ethanolamine is used as an external cue for niche sensing and additional 82 signals are produced by V. cholerae to modulate QS through CqsR.
83

MATERIALS AND METHODS
84
Bioinformatics
85
Conserved domain structures of V. cholerae CqsR (accession no.: NP_231465.1) were analyzed 86 using a suite of online tools including CDD (29), CDART (30), InterPro (31), and TMHMM (32).
87
3D structural modelling of the CqsR ligand-binding domain was performed using HHPred (33) 88 and Phyre2 (34) and compared to the known structure of the periplasmic region of Mlp37 (PDB 89 ID: 3C8C) (35).
90
Strains, media and culture conditions 91 All V. cholerae strains used in this study were derived from C6706str2, a streptomycin-resistant 92 isolate of C6706 (O1 El Tor) (36). The HapR-dependent bioluminescent reporter pBB1 has been 93 previously described (11). V. cholerae and E. coli cultures were grown with aeration in Bertani (LB) broth at 30°C and 37°C, respectively. Unless specified, media was supplemented 95 with streptomycin (Sm, 100 μg/ml), tetracycline (Tet, 5 μg/ml), ampicillin (Amp, 100 μg/ml), 96 kanamycin (Kan, 100 μg/ml), chloramphenicol (Cm, 5 μg/ml) and polymyxin B (Pb, 50 U/ml) 97 when appropriate. Bacterial strains used in this study is provided in Supplementary Table 1.
98
DNA manipulations and strain construction 99
All DNA manipulations were performed using standard procedures. Deletions and point mutations 100 were introduced into the V. cholerae genome by allelic exchange using the suicide vector pKAS32 101 or a modified version, pJT961, as previously described (11, 37, 38) . Mutant strains carrying the 102 desired mutations were screened and confirmed by PCR and sequencing.
103
Bioluminescence assays 104 Bioluminescence assays were performed as described previously (11) 
199
RESULTS
200
CqsR is predicted to carry a periplasmic CACHE domain ethanolamine. In the absence of ethanolamine, similar to previously reported (11), the ∆3 cqsR
strain displayed the characteristic U-shaped HapR-dependent bioluminescence profile due to 292 changes in CqsR kinase activity in different cell densities ( Figure 3A) . Induction of HCD QS
293
response by ethanolamine, as observed by increased levels of light production at low cell densities,
294
was dose-dependent ( Figure 3A ). In the presence of 10 mM exogenously added ethanolamine, the 295 strain was constitutively bright at all cell densities when compared to that from the culture in LB (Table   303 I, Figure 3D , and Supplementary Figure 2) . In addition, ethanolamine did not induce HapR- Figure 3E and Figure 3F was below the detection limit in the supernatants from the ∆3 cqsR + ∆vca0136 ∆vc1554 strain.
321
After confirming the double phosphodiesterase mutants did not make any ethanolamine, we used 322 the HapR-dependent bioluminescence pBB1 reporter to measure the QS response of these strains.
323
We expected the mutant is impaired in expressing the HCD QS response due to the lack of 324 ethanolamine to repress the CqsR kinase activity. However, the double phosphodiesterase mutant 325 still exhibited density-dependent U-shaped bioluminescence profile similar to the ∆3 cqsR + strain.
326
Nevertheless, the onset of the transition to HCD bioluminescence production was delayed in the sensing is functional in responding to exogenously supplied ethanolamine in these strains. 
367
Although ethanolamine binds to CqsR-LBD with sub-micromolar affinity (kd ~0.5 µM), 368 millimolar level of ethanolamine is needed to fully induce the HCD QS response in V. cholerae.
369
This apparent difference is not uncommon for signaling pathways dependent on CACHE receptor 370 proteins (e.g., (50, 53) ). This is in stark contrast to the typical effective concentration for canonical 371 autoinducers, such as CAI-1 and AI-2, which are in micromolar levels (16-19, 24, 25 The CqsR CACHE domain is important for signal sensing and signal transduction. Effect of ethanolamine and its analogs on qrr4 transcription.
507
Normalized bioluminescence production (lux/OD600) using a Pqrr4-lux reporter was measured in 508 a ∆3 cqsR + strain in the presence of 10 mM ethanolamine, L-alaninol, D-alaninol, or serinol.
509
Blank indicates LB medium without added compound. Effect of ethanolamine on qrr4 transcription in the double phosphodiesterase mutants.
522
Normalized bioluminescence production (lux/OD600) using a Pqrr4-lux reporter was measured in 523 a ∆3 cqsR + and the isogenic ∆3 cqsR + ∆vc1554 ∆vca0136 strains with and without 10 mM 
